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Heat shock proteins (HSPs) are involved in protein folding, aggregation, transport and/or stabilization by
acting as a molecular chaperone, leading to inhibition of apoptosis by both caspase dependent and/or
independent pathways. HSPs are overexpressed in a wide range of human cancers and are implicated
in tumor cell proliferation, differentiation, invasion and metastasis. HSPs particularly 27, 70, 90 and

Keywords: the transcription factor heat shock factor1 (HSF1) play key roles in the etiology of breast cancer and
HsP can be considered as potential therapeutic target. The present study was designed to investigate the role
ls-ljll; ]horaphane of su!phoraphane, a natural isothiocyanate on H.SPS (2.7, 70, 90) and HSF1 in two differ?nt bregst\capcgr
Apoptosis cell lines MCF-7 and MDA-MB-231 cells expressing wild type and mutated p53 respectively, vis-a-vis in

normal breast epithelial cell line MCF-12F. It was furthermore investigated whether modulation of HSPs
and HSF1 could induce apoptosis in these cells by altering the expressions of p53, p21 and some apoptotic
proteins like Bcl-2, Bax, Bid, Bad, Apaf-1 and AIF. Sulphoraphane was found to down-regulate the expres-
sions of HSP70, 90 and HSF1, though the effect on HSP27 was not pronounced. Consequences of HSP inhi-
bition was upregulation of p21 irrespective of p53 status. Bax, Bad, Apaf-1, AIF were upregulated followed
by down-regulation of Bcl-2 and this effect was prominent in MCF-7 than in MDA-MB-231. However,
very little change in the expression of Bid was observed. Alteration in Bcl-2 Bax ratio resulted in the
release of cytochrome c from mitochondria and activation of caspases 3 and 9 which are in agreement
with apoptotic index values. Sulphoraphane therefore can be regarded as a potent inducer of apoptosis
due to HSP modulation in breast cancer cells.

Breast cancer cells
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1. Introduction inhibiting Bid translocation [1,11] and directly binding to cytosolic

cytochrome ¢ and secluding it from apoptosis protease activating

The eukaryotic stress response is highly conserved and involves
the induction of heat shock proteins (HSPs). These families of pro-
teins assist in the recovery from stress either by repairing damaged
proteins or by assisting in their elimination [1]. HSPs restore pro-
tein homeostasis and promote survival of several client proteins
regulating cell survival, proliferation and apoptosis [2]. Elevated
expression levels of HSPs in malignant cells attribute a cytoprotec-
tive role by preventing apoptosis [3,4] and are closely associated
with a poor prognosis [5]. Among different members HSPs (27,
70, 90) are mainly implicated in cancer progression [6]. HSP27
and HSP70 foster mammary tumorigenesis by inhibiting apoptosis
and senescence [7], whereas HSP90 over-expression in breast
cancer cells is a marker of poor prognosis [8].

HSP27 is associated with invasive potential of breast cancer [9],
interacts with procaspase 3 and prevents its cleavage by caspase 9
[10]. It interferes with the extrinsic pathway of apoptosis by
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factor (Apaf-1) [1]. In murine fibrosarcoma cells, overexpression
of HSP27 impeded cytoskeletal disruption and Bid intracellular
redistribution that precede cytochrome c release [12].

HSP70 blocks caspase activation and suppresses mitochondrial
damage and nuclear fragmentation [13] primarily by inhibiting
Bax activation thereby plays a vital role in apoptosis [14]. HSP70
has been reported to bind directly to apoptosis protease activating
factor-1 (Apaf-1), thereby preventing the recruitment of procas-
pase 9 to the apoptosome [15]. HSP70 interacts with procaspase-
3 and 7, inhibiting caspase dependent apoptotic signaling [16]. Re-
lease of apoptogenic molecule AIF triggers caspase independent
apoptosis [17] and HSP70 inhibits apoptosis by interfering with
AIF [18]. HSP70 down-regulation sensitize tumor cells to apoptosis
induction in vitro [19] and can reduce tumorigenicity in vivo [20].

HSP90, the most abundant protein in eukaryotic cells is re-
quired for the stabilities and functions of a number of signaling
proteins [21]. HSP9O0 facilitates tumor progression by chaperoning
the mutated or overexpressed oncogenes and signaling proteins in-
volved in transformation and tumor progression [22]. HSP90o gene
expression is elevated in breast cancer which is correlated with
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decreased patient survival [8]. HSP90 can inhibit apoptosis by pre-
venting the activation of caspases [10] and by directly binding to
Apaf-1, preventing further recruitment of procaspase 9 [14]. Tar-
geting HSPs therefore is an emerging concept in cancer therapy.
Transcription of HSP gene requires an important transcription fac-
tor, heat shock factor1 or HSF1 which gets overexpressed and plays
a vital role in the etiology of cancer [7,23].

Evidences show that sulphoraphane, a natural isothiocyante
found in cruciferous vegetables have a wide range of chemopre-
ventive as well as apoptosis inducing properties [24]. The ability
of sulphoraphane in inducing apoptosis and cell cycle arrest is
associated with regulation of many proteins including Bcl-2 family
proteins, caspases, p21, and cyclin dependent kinases [25]. In hu-
man breast cancer cells, sulphoraphane treatment inhibits cell
growth, activates apoptosis, inhibits HDAC activity and decreases
the expression of key proteins involved in proliferation of cells
[26]. This dietary isothiocyanate has been reported to inhibit
breast cancer stem cells by downregulating the Wnt/B-catenin
self-renewal pathway [24]. The present study evaluates the effect
of sulphoraphane on HSPs (27, 70, 90) and HSF1 in two different
breast cancer cell lines MCF-7 and MDA-MB-231 expressing
wild type (wt) and mutated (mt) p53 respectively. MCF-12F, a
non-tumorigenic breast epithelial cell line was used as control.
The ultimate goal is to observe whether modulation of HSPs
and HSF1 could induce apoptosis in these breast cancer cells by
altering the expressions of certain proteins involved in apoptotic
pathways.

2. Materials and methods
2.1. Chemicals

MEM, fetal bovine serum (FBS), acrylamide, N,N'-methylenebis-
acrylamide were obtained from Invitrogen BioServices India Pvt.
Ltd., Bangalore, India. Ponceau S, dithiothreitol (DTT), phen-
ylmethylsulfonylfluoride (PMSF), bovine serum albumin (BSA),
ethylene glycol-0,-O’-bis,(2-aminoethyl) N,N,N’,N’-tetra acetic acid
(EGTA), CHAPS, cytochalasin B, 4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid (HEPES), piperazine-N,N'-bis 2-ethanesulfonic
acid (PIPES), proteinase K, propidium iodide (PI), RNase A, were
purchased from Sigma Chemical Co, St. Louis, MO, USA; Sulphora-
phane was purchased from M.P. Biomedicals, Germany, USA; goat
anti-mouse IgG-alkaline phosphatase conjugate and 5-bromo-4-
chloro-3-indolyl phosphate/nitro blue tetrazolium (BCIP-NBT)
were purchased from Bangalore Genei, India; nitrocellulose mem-
brane was purchased from Hybond ECL, Amersham Biosciences,
UK; 17-AAG was procured from InvivoGen, San Diego, CA, USA.
Tris, glycine, sodium dodecyl sulfate (SDS) were from Amresco,
Ohio, USA; assay Kkits for caspase 3, caspase 8 and caspase 9 were
purchased from Millipore, Billerica, MA and Caspase 9 inhibitor
Z-LEHD-FMK was procured from BD Biosciences USA. The follow-
ing antibodies were used for Western Blot analysis: HSP27, 70,
90, HSF1, caspase 3, caspase 8, caspase 9, cytochrome c, B-actin
(Santa Cruz Biotechnology, California, USA); p53, p21, Bcl-2, Bax,
Apaf-1, AIF, Bid and Bad (abcam, MA, USA). Other reagents used
were of analytical grade and procured locally.

2.2. Maintenance of cell lines

Human breast adenocarcinoma cell line: MCF-7(ER+, EGFR—,
weakly invasive, luminal epithelial like) and human metastatic
breast adenocarcinoma: MDA-MB-231(ER—, PR—, HER2neu—, EGFR
overexpressing, highly invasive, fibroblast like) were used in this
study. They were routinely maintained in MEM and DMEM respec-
tively supplemented with 10% heat inactivated fetal bovine serum

(FBS) and antibiotics (gentamycin 40 pg, penicillin 100 units,
streptomycin 10 pg/ml). Normal breast epithelial cell line MCF-
12F was used as a control in this study and was maintained in a
1:1 mixture of DMEM and HAM’s F12 medium with 0.4 mM Ca?",
20 ng/ml epidermal growth factor. Cells were allowed to grow at
37 °C in a humidified atmosphere of 5% CO,/95% air.

2.3. Sulphoraphane treatment

Exponentially growing cells were treated with 1, 5, 10 and
20 pM sulphoraphane for 24 h.

2.4. Expression of HSPs (27, 70, 90), HSF1, p53, p21, Apaf-1, Bad, Bid,
AIF, Bcl-2, Bax

Western Blot analysis was carried out to determine the expres-
sions of HSPs, HSF1 and apoptosis related proteins p53, p21, Apaf-
1, Bad, Bid, AIF, Bcl-2 and Bax using standard protocol [27] using
specific antibodies.

2.5. Detection of cytochrome c release

Expression of cytochrome c in both mitochondrial and cytosolic
fractions was determined by Western Blot analysis following the
method of Roy et al. [27].

2.6. Determination of the activities of caspase 3, 8, 9

Aspartic acid specific cysteine proteases caspase 3, 8 and 9
activity was analyzed by a fluorimetric technique using fluorescent
tagged peptides. The assay is based on detection of cleavage of syn-
thetic substrates DEVD-AFC, IETD-AFC and LEHD-AFC (as supplied
in kits) by caspase 3, 8 and 9 respectively to release free AFC. Free
AFC emits a yellow green fluorescence at 480-520 nm (peak at
505 nm) upon excitation at 400 nm. Fluorescent signal was mea-
sured using a Spectrofluorimeter. Cell lysate prepared from cells
exposed to sulphoraphane for 24 h was used to measure the activ-
ities following the protocol submitted by the supplier.

2.7. Measurement of apoptosis by PI staining

Morphological features of apoptotic cells as induced by sulpho-
raphane was examined by formation of apoptotic bodies and visu-
alized with PI staining. Treated cells were harvested, washed with
PBS and cell pellets were stained with PI (50 pg/ml). Stained cells
were kept in the dark at room temperature for 10 min. Cells were
spread on a slide and examined under a Nikon fluorescence micro-
scope. Number of apoptotic and normal cells was counted in each
slide and apoptotic index was calculated.

2.8. Statistical calculation

SPSS 10.0 software was used for statistical calculation using one
way ANOVA followed by Dunetts t-test.

3. Results
3.1. Effect of sulphoraphane on expression levels of HSPs and HSF1

Western Blot analysis revealed that the expression of HSPs (27,
70 and 90) was high in MCF-7 and MDA-MB-231 cells compared to
the normal breast epithelial cell line MCF-12F. Band intensities of
the corresponding protein bands were calculated using Image Mas-
ter Software and are depicted in Fig. 1A. Sulphoraphane (1, 5, 10
and 20 pM) down-regulated the expressions of HSP70, HSP90 dose
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Fig. 1. Expressions of HSPs and HSF1 in MCF-7, MDA-MB-231 and MCF-12F cell lines and their modulation by sulphoraphane. (A) Band intensities of HSPs (27, 70, 90)
expressed constitutively in MCF-12F (used as control) and in MCF-7, MDA-MB-231. Intensities calculated using Image Master Software is average of three independent
experiments. Values represent mean + SE and are significant %(p < 0.001) with respect to control. (B) Modulation of HSPs in MCF-7 (lanes 1-5) and MDA-MB-231 (lanes 6-10)
by sulphoraphane. Cells were treated with sulphoraphane at concentrations 0 pM (lanes 1, 6), 1 pM (lanes 2, 7), 5 pM (lanes 3, 8), 10 uM (lanes 4, 9) and 20 uM (lanes 5, 10)
for 24 h. Western Blot analysis using anti-HSP27, anti-HSP70 and anti-HSP90 antibodies was performed. -actin was used as control to ensure equal loading of protein. (C)
HSP90 expression in MCF-7 (lanes 1-3) and MDA-MB-231 (lanes 4-6) cells after treatment with sulphoraphane and 17-AAG. Lanes 1, 4, lanes 2, 5 and lanes 3, 6 represented
untreated cells, cells treated with 20 uM sulphoraphane and cells treated with 3 tM 17-AAG respectively. p-actin was used as loading control. (D) Band intensities of HSP27,
70, 90 in breast cancer cells as represented graphically. Values are average of three independent experiments and represent mean + SE. They are significant ?(p < 0.001),
b(p < 0.005) and (p < 0.01) with respect to the untreated cells. (E) Constitutive expression of HSF1 (lane 1, 6) in MCF-7, MDA-MB-231 cells as determined by Western Blot
analysis using anti-HSF1 antibody. Lanes (2-10) represented modulation of HSF1 expression after treatment with 1 uM (lanes 2, 6), 5 pM (lanes 3, 8), 10 uM (lanes 4, 9) and
20 puM (lanes 5, 10) of sulphoraphane.

dependently though very little effect on HSP27 was observed, 3.2. Effect of sulphoraphane on the expressions of p53, p21 and

Fig. 1B. Down-regulation of HSP90 by sulphoraphane (20 uM) apoptosis related proteins

was found to be comparable with that of 17-AAG (3 uM), a specific

inhibitor of HSP90, Fig. 1C. Band intensities of different HSPs as Expressions of p53 and p21, two important proteins that regulate
modulated by sulphoraphane are represented graphically in G2-M transition of cell cycle were studied. Sulphoraphane increased
Fig. 1D. HSF1 was found to be overexpressed in both MCF-7 and the protein expressions of p53 and p21 in case of MCF-7 whereas in
MDA-MB-231 cells as determined by Western Blot analysis using MDA-MB-231 (mutant p53), expression levels of p53 decreased sig-

anti-HSF1 antibody (lanes 1 and 6 of Fig. 1E). Sulphoraphane nificantly with a corresponding increase in the expression of p21
down-regulated the expression of HSF1 in a concentration depen- (Fig. 2A). This result indicated that up-regulation of p21 was
dent manner (Fig. 1E). independent of p53 expression. In order to investigate whether
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Fig. 2. Effect of sulphoraphane on certain apoptosis related proteins: p53, p21, Apaf1, Bid, AIF, Bad, Bcl-2 and Bax and cytochrome c release in breast cancer cells. (A) Lanes 1
and 6 represent constitutive expression of these proteins in MCF-7 and MDA-MB-231 cells. Cells were treated with sulphoraphane at concentrations 1 pM (lanes 2 and 7),
5 uM (lanes 3 and 8), 10 uM (lanes 4 and 9) and 20 M (lanes 5 and 10) respectively for 24 h. Proteins were analyzed using specific antibodies and B-actin was used as loading
control. (B) Expression of cytochrome c in MCF-7 and in MDA-MB-231cells. Lanes 1 and 6 represented expression of cytochrome c in mitochondrial and cytosolic fractions in
untreated cells. Lanes 2-5 represented the expression of cytochrome c in the mitochondrial fraction and lanes 7-10 represented the similar expression in the cytosolic
fraction after treatment with 1 uM (lanes 2 and 7), 5 uM (lanes 3 and 8), 10 uM (lanes 4 and 9) and 20 pM (lanes 5 and 10) sulphoraphane for 24 h. Cells were harvested,
fractionated into mitochondria and cytosol and proteins from each fraction was analyzed for cytochrome c by Western Blot using anti-cytochrome c antibody. B-Actin was
used as control to ensure equal loading of protein.
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Fig. 3. Induction of caspase activity by sulphoraphane in breast cancer cells. (A) The activities of caspase 3, caspase 8 and caspase 9 in MCF-7 and MDAMB 231 cells
subsequent to treatment with sulphoraphane for 24 h. The protease activity was determined fluorimetrically using fluorescent-labeled synthetic substrates of caspases 3 and
8 and 9. Values obtained are average of three independent experiments + SD. They are significant 3(p < 0.001), °(p < 0.005) and (p < 0.01) with respect to the untreated cells.
(B) Effect of caspase 9 inhibitor on sulphoraphane induced caspase 9 activation in MCF-7 and MDA-MB-231. Cells were pretreated with different concentrations (5, 20 and
40 uM) of synthetic caspase 9 inhibitor (Z-LEHD-FMK) for 4 h followed by treatment with sulphoraphane (20 uM) for an additional 24 h. Values are average of three
independent experiments + S.D and are significant (p < 0.005) and °(p < 0.01) with respect to control. (C). Apoptotic index as calculated in MCF-7 and MDA-MB-231 cells
treated with caspase 9 inhibitor Z-LEHD-FMK (0, 5, 20 and 40 uM) for 4 h followed by treatment with 20 uM sulphoraphane for an additional 24 h. Values represent
mean + SD (n = 100) of three independent experiments. They are significant *(p < 0.005) and °(p < 0.01) with respect to control.

inhibition of HSPs by sulphoraphane could affect apoptosis, expres-
sions of some of the important apoptotic proteins like Apaf-1, Bid,
AlF, Bad, Bcl-2, Bax were observed. Expression of Apaf-1 was very
poor in breast cancer cells and its expression increased with concen-
trations of sulphoraphane. However, expression of Bid was not
much influenced by sulphoraphane (Fig. 2A). Western Blot analysis
was performed to ascertain whether inhibition of HSP70 could in-
duce the release of AIF. Results (Fig. 2A) showed that expression of
AIF in cells exposed to sulphoraphane was high particularly at the
highest concentration (20 uM). The effect was more pronounced
in MCF-7 than in MDA-MB-231. Expressions of pro (Bax and Bad)
and anti apoptotic protein (Bcl-2) were analyzed and results showed
that sulphoraphane increased the expression of Bax and Bad, with a
concomitant decrease in Bcl-2 expression (Fig. 2A). Cytochrome c
release from mitochondria to cytosol was apparent in sulphora-
phane treated cells as revealed by Western Blot analysis (Fig. 2B)
in both the breast cancer cells. However, no such change was
observed in MCF-12F (data not shown).

3.3. Activation of caspases by sulphoraphane

Fluorimetric assay of caspase 3, 8 and 9 in cells treated with sul-
phoraphane revealed that the activity of caspase 3, 8 and 9 in-
creased with increasing concentrations of sulphoraphane. The
degree of induction of caspase 8 was less than the other two casp-
ases (Fig. 3A), indicating that induction of apoptosis was predom-
inantly through intrinsic pathway. To establish the role of
caspase 9, cells were treated with Z-LEHD-FMK (a potent cell-per-
meable caspase 9 inhibitor) for 4 h followed by treatment with sul-
phoraphane for an additional 24 h. Results revealed that this
inhibitor blocked caspase 9 activation in a dose dependant manner,
and sulphoraphane failed to induce caspase 9 activity in presence
of Z-LEHD-FMK (Fig. 3B). To confirm the assumption that apoptosis
induction is due to caspase 9 activation, apoptotic index was stud-
ied with Z-LEHD-FMK treated cells. The ratio of apoptotic and non-
apoptotic cells (apoptotic index) showed that the apoptotic index
values were reduced significantly with increasing concentrations
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Fig. 4. Induction of apoptosis in sulphoraphane treated cells following PI staining. Apoptotic indices for MCF-12F, MCF-7 and MDA-MB 231 cells treated with different
concentrations of sulphoraphane for 24 h. Result represented an average of three independent experiments. The ratio of the apoptotic to the non-apoptotic cells was

designated as apoptotic index. Values represent mean + SD (n = 100).
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of inhibitors, confirming the involvement of caspase 9 in sulphora-
phane induced apoptosis in breast cancer cells (Fig. 3C).

3.4. Sulphoraphane induced apoptosis as revealed from apoptotic
index

Morphological features of apoptosis were observed with sul-
phoraphane treated cells and results (Fig. 4) depicted that the
apoptotic index values increased dose dependently and induction
of apoptosis was more in MCF-7. However, in MCF-12 cells, no in-
crease in apoptotic index was observed.

4. Discussion

The anticancer efficacy of sulphoraphane has been evaluated in
various cancers due to its beneficial pharmacological effects
including antioxidant, anti-inflammatory, antitumor as well as
apoptosis induction [28]. Sulphoraphane has been reported to
inhibit cellular proliferation and apoptosis induction in different
tumor cells both in vitro and in vivo [24]. High expression of HSP
is essential for cancer survival; therefore inhibition of HSPs is an
important strategy of anticancer therapy. HSF1 acts as a major
enhancer of tumorigenesis. The present study demonstrated that
sulphoraphane induced apoptosis in breast cancer cells by modu-
lating HSPs. Expressions of HSP27, 70, 90 and HSF1 was efficiently
down-regulated by sulphoraphane, though its effect was differen-
tial. Both HSP70 and 90 are involved in stabilization of mutant p53
in cancer [29]. Sulphoraphane was shown to up-regulate wild type
p53 expression in MCF-7 cells whereas it down-regulated the
expression of dysfunctional p53 in MDA-MB-231 cells. However,
up-regulation of p21 in both the cell lines was observed irrespec-
tive of p53 status. Apaf-1 is involved in apoptosome formation,
leading to apoptosis. Sulphoraphane efficiently induced Apaf-1
expression in breast cancer cells. Both HSP70 and 90 are known
to suppress apoptosis by directly associating with Apaf-1 and
blocking the assembly of procaspase 9 [14,15]. Expression of AIF,
a flavoprotein gets up-regulated in presence of sulphoraphane.
AIF is a novel caspase-independent death effecter protein which
gets released from the mitochondria upon apoptotic stimuli. Previ-
ous studies have indicated that HSP70 interacts with AIF, thereby
prevents its release [18]. Bid, a pro-apoptotic member of the Bcl-2
family proteins is known to trigger cell death via mitochondrial
membrane permeabilization [30]. HSP27 has been shown to inter-
fere with intracellular redistribution of Bid protein and inhibits the
release of cytochrome c [12]. In the present study Bad was found
to be induced by sulphoraphane. In response to apoptotic stimuli
Bad rapidly gets dephosphorylated and migrates to the mitochon-
dria where it induces cell death [31]. The anti-apoptotic action of
HSP27 and 90 has been reported to be mediated by Akt/PKB, a
protein that generates a survival signal in response to growth fac-
tor stimulation by phosphorylating Bad [14]. Increase in the
expression of Bax protein with concomitant down-regulation of
Bcl-2 protein by sulphoraphane as observed in the present study
also supports the fact that inhibition of HSPs is associated with
induction of apoptosis. Previous studies have shown that HSP27
and 70 inhibit release of cytochrome c by interacting with Bax
protein [32]. HSP90, on the other hand stabilize Bcl-2 protein
[33]. Present study indicates that inhibition of HSPs and HSF-1
probably led to up and down-regulation of pro-apoptotic and
anti-apoptotic proteins resulting into the release of cytochrome
c. This was associated with activation of caspases, particularly
caspases 3 and 9. This was further supported by using specific
inhibitor of caspase 9 where sulphoraphane failed to induce the
activity of cysteine protease. Apoptotic index values further
supported this notion.

The present study provides new insight into the mechanism of
sulphoraphane induced apoptosis by targeting HSPs in breast
cancer cells.
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